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Abstract 

Observations of the water inventory as well as other chemically important 
species on Jupiter will be performed in the frame of the guaranteed time 
key project of the Herschel Space Observatory entitled "Water and related 
chemistry in the Solar system". Among other onboard instruments, PACS 
(Photodetector Array Camera and Spectrometer) will provide new data of 
the spectral atlas in a wide region covering the far-infrared and submillime- 
tre domains, with an improved spectral resolution and a higher sensitivity 
compared to previous observations carried out by Cassini/CIRS (Composite 
InfraRed Spectrometer) and by ISO (Infrared Space Observatory). 

In order to optimise the observational plan and to prepare for the data 
analysis, we have simulated the expected spectra of PACS Jupiter observa- 
tions. Our simulation shows that PACS will promisingly detect several H2O 
emission lines. As PACS is capable of spatially resolving the Jovian disk, 
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we will be able to discern the external oxygen sources in the giant planets 
by exploring the horizontal distribution of water. In addition to H2O lines, 
some absorption lines due to tropospheric CH4, HD, PH3 and NH3 lines will 
be observed with PACS. Furthermore, owing to the high sensitivity of the 
instrument, the current upper limit on the abundance of hydrogen halides 
such as HC1 will be also improved. 

Key words: Jupiter, Planetary atmosphere, Remote sensing, Water 
vapour, PACS, Herschel Space Observatory, Far- infrared, Submillimetre, 
Spectrometre, Imager 



1 1. Introduction 

2 One of the most outstanding results in previous infrared observations of 



frared Space Observatory) (IFeuchtgruber et al. 



1997 



achieved by ISO (In- 


Lellouch et al.. 


1997) 


(Lellouch et al.. 


2002|) 



e and these detections are regarded as a clear evidence for the existence of 

7 an external supply of oxygen into Jovian stratosphere. The observations 

b of the Jovian water vapour with ISO have been followed by submillimetre 

9 (556.9 GHz) hetero dyne observations by SWAS (the Submillim eter Wave As- 



tronomy 



Satellite) (IBergin et al. 



satellite (ICavalie et al. 



2000 



Lellouch et al. 



20021 ) and the Odin 



2008). In addition to monitoring the temporal vari- 



ability since the ISO observations, these spectrally resolved measurements 
constrained the vertical distribution of the Jovian stratospheric water vapour. 
Additional constraints on the possible extern al source have been obtained 
from the observations of CO, HCN and CS (e.g., 



Moreno et al. 



2003 



Griffith et al. 
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2004 ). In the current picture, most of the exogenous species originate from 
the Shoemaker-Levy 9 (SL9) impacts in July 1994. However, other sources 
could be providers of oxygen, nitrogen and sulphur species as well in Jupiter 
as in the other giant planets. These potential sources are the following: i) the 
permanent interplanetary dust particle flux, ii) a lo c al flux from the rings and 
icy moons via the magnetic field lines (jConnerneyl . [1986) , iii) sporadic large 
comet collision events. Discerning the relative contribution of each external 
source for each giant planet is a key issue, as it helps us in developing a full 
picture of various phenomena in the outer solar system such as the produc- 
tion of dust at large heliocentric distances, the role of the magnetosphere in 
the transport of exogenous material and the frequency of comet impacts. 



The D/H ratio, which ha s been inferrec 



HD 37.7 jum rotational line ( jLellouch et al. 



rom ISO measurements of the 



20011 ). is another key issue in 



Jovian atmospheric studies, because D/H on Jupiter and Saturn is considered 
as representative of the protosolar nebula while that on Uranus and Neptune 
represents the result of the mixing of the gases in the nebula with deuterium- 



32 rich icy cores (IFeuchtgruber et al 



19991 ). Thus, the accurate comparison of 



D/H ratios on Jupiter and Saturn with Uranus and Neptune allows us to 
evaluate the D/H ratio of the protoplanetary ices embedded in the outer 
nebula, which is essential for a better understandi ng of the formation and 
evolution of the outer planets (IHersant et al.l . l2Q0lh . 

These unsettled issues will be entirely re-addressed by new and sensi- 
tive observations that will be carried out with the Herschel Space Observa- 
tory (launched on 14 May 2009) which covers a wide spectral range in the 
far- infrared and submillimetre domains (approximately 55-672 /mi). The 
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guaranteed t ime key programme "Water and related chemistry in the so- 



lar system" (IHartogh et al. 



2009|), also known as the HssO (Herschel Solar 



System Observations), is a dedicated project to observe water and other 
minor species in the solar system by using three o nboard instruments: the 
Heterodyne Instrument for t he Fa r Infrared (HIFI; 



de Graauw and 165 authors!. 



REceiver (SPIRE; 



de Graauw et al 



2008 



Griffin et al. 



2010 ), the Spectral and Photome t ric Im aging 



2008 



Griffin and XX authors!. 



48 the Photodetector Array Camera and Spectrometer (PACS 



2008 



2010), and 



Poglitsch and XX authors 



Poglitsch et al. 



2010|) . The focal plane units of these three 



instruments are kept cooled at the temperature range of 1.7-10 K by using 
superfluid helium, and the bolometric detectors of SPIRE and PACS are fur- 
ther cooled down to 0.3 K. As a result of this sophisticated active cooling sys- 
tem and also of the instrumental development such as the state-of-the-art SIS 
(superconductor-insulator-superconductor) mixers on HIFI, Herschel enables 
observing with a sensitivity that has never been achieved before. Among 
these instruments, PACS has the unique capability to obtain a spectral atlas 
in a wide wavelength range between 55 and 210 /im with a resolving power of 
940-5500. This spectral resolution is rather low if compared to that of HIFI, 



59 and is not sufficient to resolve the molecular line shapes. However, our 



previ- 



ous preparatory study for the HssO Titan observations ( jRengel et al. 



2009! ) 



has demonstrated that PACS spectroscopic observations can be employed to 
retrieve the vertical temperature profile and constrain the H 2 abundance in 
Titan's atmosphere by combining the observations of several lines of different 
opacity. 

In this study, we intend to extend our simulation study to the Jupiter 
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66 observations. The Jupiter observations that are planned within the HssO 

67 project are described in Section 2. The method used for the simulation is 
es presented in Section 3, and expected results of PACS spectroscopy on Jupiter 

69 are discussed in Section 4. The summary is given in Section 5. 

70 2. Planned Jupiter observations with Herschel 

71 Within the framework of the HssO project, PACS and HIFI are the pro- 

72 posed instruments for the Jupiter observations. SPIRE is not included in the 

73 proposal since its detector saturates when observing the bright continuum of 

74 Jupiter. 

75 PACS will be used in its spectroscopy mode for the HssO Jupiter observa- 

76 tions. It is operated as an integral field spectrometer between 55 and 210 /iin 

77 over a field-of-view (FOV) of 47" x 47" (with a 5x5 pixel array). The 47" FOV 

78 is comparable to the apparent disk diameter of Jupiter in its visible windows 

79 (36-45"), which enables us to obtain the disk resolved spectro-imaging of 
so Jupiter with a single exposure. An image sheer is used to transform the sig- 

81 nal observed with 5x5 spatial pixels (1 pixel corresponds to 9.4") at the focal 

82 plane into 1x25 pixels which is the entrance slit for the grating spectrom- 

83 eter. The grating is operated in its first (102-210 /xm), second (72-98 /zm), 

84 or third (55-72 /zm) order. Two photoconductor arrays (16x25 pixels, where 

85 16 pixels are for the spectral dimension and 25 for the spatial) of red (102- 

86 210 jum) and blue (55-98 /jm) channels are operated simultaneously, therefore 

87 it is possible to observe two grating orders together, either combination of 

88 I s * + 2 nd or 1 st + 3 rd . The spectral resolving power varies in a range of 940- 

89 5500 depending on wavelength and grating order. The instantaneous spectral 
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90 coverage (for 16 pixels) also varies from ~0.15 to 1.05 /im as well. 

91 Two observing modes, line scan and range scan modes, are prepared for 

92 the PACS spectroscopy. The line scan mode is employed when one observes 

93 one or several unresolved narrow line features in a fixed wavelength range 

94 of around 1 /im, while the range scan mode is used to observe any wider 

95 wavelength range. High and low spectral sampling configurations are avail- 

96 able for these line and range scans. Molecular lines will be sampled with at 

97 least two spectral pixels even at the low sampling rate. PACS can obtain 

98 a full range spectrum between 55 and 210 /im (so-called SED mode) in one 

99 hour by combining two low sampling range scans (~1300 seconds for observ- 

100 ing the 55-73 and 102-146 /xm ranges, and ~2400 seconds for 70-105 and 

101 140-210 yum). The expected noise equivalent spectral radiance (NESR) for a 

102 single repetition of the SED range scan observation is 0.8-4.0 Jy varying as a 

103 function of the wavelength (the best sensitivity is achieved at the wavelength 

104 region of 110-140 /xm). It is to be noted that this sensitivity estimation is 

105 valid when observing a low/moderate brightness source, and it is subject to 
we change for the Jupiter observations which contain a very bright continuum 

107 emission. The optimization of the instrumental setup of PACS for the bright 

108 target is now under way by the PACS Instrument Control Centre. More 

109 details of the instrumental information can be found in the PACS observer's 
no manual*]. 

in The proposed Jupiter observations with PACS are: 

n2 • The high signal-to-noise ratio (SNR) SED range scan from 55 to 210 /im, 
1 http: / /herschel.esac.esa.int /Docs /PACS / pdf/pacs_om.pdf 
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113 which aims at not only the observation of numerous water lines but also 

in the first detection of hitherto unobserved molecules. An SNR of at least 

us 100 with respect to the continuum is required in the HssO proposal. 

lie • A dedicated line scan spectroscopy observation of the 66.4 /xm (4512 GHz) 
H7 H 2 line with the high spectral sampling mode. 

ii8 In order to search for temporal variability, these observations (as well as the 

n9 undermentioned HIFI observations except the mapping one) will be repeated 

120 three times during the lifetime of Herschel (~3.5 years). 

121 As the explicit instrumental sensitivity of PACS for the very bright source 

122 is not confirmed yet, we do not have the practical number of the expected 

123 SNR for the abovementioned observation programmes. According to the re- 

124 cent results of the PACS Performance Verification phase, an SNR of at least 

125 1000 with respect to the continuum is currently expected for the Jupiter 

126 SED range scan observation (personal communications with Helmut Feucht- 

127 gruber). Instead, in this study we investigate the possible outcome of the 

128 PACS Jupiter observation for the SNR required in the guaranteed time pro- 

129 posal i.e. SNR >100 with respect to the continuum. 

130 Although the focus of the present study is the PACS observations, we 

131 briefly describe here about the Jupiter observations with HIFI in the HssO 

132 project as they provide essential information of the vertical profile of the wa- 

133 ter vapour. HIFI is composed of two HEB (hot electron bolometer) and five 

134 SIS mixer bands that cover the wavelength range of 157-212 and 240-625 fxm 

135 (corresponding to 1910-1410 and 1250-480 GHz, respectively). As backends, 

136 two spectrometers are available; the High Resolution Spectrometer (HRS, 

137 an auto-correlator spectrometer) and the Wide Band Spectrometer (WBS, 
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138 an acousto-optical spectrometer). HRS enables the instantaneous coverage 

139 of 250 MHz with spectral resolutions ranging from 0.14 to 0.54 MHz, or cov- 
wo erage of 500 MHz with 1.1 MHz resolution, while WBS covers 4 GHz with a 

141 spectral resolution of 1.1 MHz. The beam size of HIFI is 11-44" depending 

142 on the observing wavelength. 



143 With HIFI, the following Jupiter observations are proposed: 

144 • High SNR observations of the strong H 2 lines at 557, 1097, and/or 

145 1670 GHz (538.2, 273.2 and/or 179.5 /xm). From their line shapes, the 
we vertical profile of H 2 will be retrieved. 

147 • Rough mapping (10 points over the Jovian disk) of the 1670 or 1717 GHz 

us H 2 line (the beam size of HIFI is ~12" at these frequencies). Com- 

149 bined to the PACS observations, these observations will be used to 

150 determine the spatial distribution of H 2 in the atmosphere of Jupiter. 

151 • The 1882 GHz (159.3 /xm) CH 4 line observation. CH 4 in Jupiter is con- 

152 sidered to be uniformly mixed in altitude and its abundance is well 

153 known. Therefore, its spectral line shape will provide us with the ther- 

154 mal profile. 



3. Simulation of the PACS observations 



we Our simulation package is based on the g eneral forward and inversion 



157 model called MOLIERE-v5 f lUrban et al. 



20041 ) . The forward model consists 



158 of a radiative transfer model for the Jovian atmosphere and an instrumen- 

159 tal part where the atmospheric spectrum is convolved with Herschel's main 
wo beam pattern and PACS spectral response. We use a line-by-line radiative 
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transfer model with a multi-layered spherical atmosphere which the pres- 
sure levels ranging from 6 bar to 2xl0~ 4 mbar. The reference temperature 
pr ofile is b ased on the radio occultation experiments of Voyager 2 (Table 1 



164 m 



Linda! 



165 ( ISeiff et al. 



1992J) and the in situ measurement of the Galileo entry probe 



19981 ). For simplicity, we use a smoothed temperature profile 



for the stratosphere (Fig. 1(a)). NH 3 , PH 3 , CH 4 , CO, HCN, H 2 0, HC1 and 
HD are considered in the line opacity calculations. Adopted vertical pro- 



files of their mixing ratios are shown in 
PH3 are based on the reference model of 



1& Kb). T 



r e profi les of NH 3 and 



Nixon et al 



file is based on the photochemical model of 



(2007) 



Moses et al. 



he CH 4 pro- 



fl2005f ). Profiles of 



i7i H9O, CO and HCN a re derived from the observations : 



( ILellouch et al 



1997 



Bezard et al. 



2002 



Moreno et al. 



the SL9 impact 



2003|). For HC1, 



an upper limit of 2.3 ppb has been retrieved f rom the Cassini/CIR S (Com- 
posite InfraRed Spectrometer) measurements (IFouchet et all 120041 ) . In this 
study, we use three HC1 profiles having vertically constant mixing ratios of 
2.3, 1.15 and 0.23 ppb, respectively. The spectroscopic paramet ers are de- 



rived from the HITRAN 2008 compilation (iRothman et all 120091 ) except for 
PH 3 and HP. Parameters for PH 3 ar e derived from the GEISA 2003 com- 



pilation (jJacquinet-r: 



usson et al. 



2005). For HD, the parameters from the 



CDMS compilation ( iMiiller et all 120051 ) are used. We have used two line 
shape functions depending on the pressure: The Voigt line shape is used at 
the pressures where the pressure broadened half width is less than 40 times 
of the Doppler half width. At higher pressures, the Van Vleck- Weisskopf 
line shape is adopted alternatively. The pressure broadening line widths are 
derived from those listed in the HITRAN and GEISA databases which are 
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186 appropriate for the Earth atmosphere, because there are few laboratory and 

187 theoretical works on those induced by Hydrogen and Helium in particular at 
las the sub millimetre/far-infrared spectral region. The collision induced absorp- 
189 ti on coefficients o f H? and He mixtures are included by using the formulation 



of 



Borysow et al 



(119851 . 119881 ). Possible additional opacity due to clouds and 

191 hazes was not considered in this preparatory work. The distance between 

192 Herschel and Jupiter was set to 5AU, corresponding to an apparent disk 

193 diameter of 39". We assume that the telescope is pointing to the centre of 

194 the disk, and calculate the spectrum detected by the central pixel of the 

195 PACS detector array. The radiative transfer calculation was performed with 
we a very fine spectral grid, containing all the transition frequencies and the 

197 nearby line wing frequencies of the species mentioned previously, in order 

198 to evaluate the line shape of the molecular emission correctly. The synthe- 

199 sised spectrum after the radiative transfer calculation is convolved by the 

200 PACS instrumental function which accounts for its finite spectral resolution 

201 (A/AA = 940-5500). As described in the previous section, the spectral sam- 

202 plings (i.e. frequencies at the final spectral grid to be synthesised) of PACS 

203 vary depends on the observing mode. In order to examine the best possible 

204 performance of PACS full range scan observations, we used an oversampled 

205 spectral gridwhich includes all the molecular transition frequencies. 

206 In this study, we simulate the PACS Jupiter spectrum with an SNR of 

207 100 with respect to the continuum emission at the reference wavelength of 

208 200 yum. For other wavelengths, we scaled the corresponding NESR from the 

209 standard SED range scan observation in accordance with its frequency de- 

210 pendency. This assumed NESR results in the PACS Jupiter spectrum having 
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211 an SNR as high as ~1200 with respect to the continuum at the wavelength 

212 around 110 /xm, and lower than 100 at the end wavelengths of each grating 

213 order. 

2u The sensitivity of PACS measurements to the atmospheric parameter of 

215 interest (such as the vertical distribution of H 2 0) is examined by calculating 

216 the weighting functions. The weighting function is defined as the derivative 

217 of the forward model with respect to the atmospheric parameter at each 

218 measurement frequency channel. 

219 4. Expected outcome of PACS observations 

220 Jf..l. H 2 measurement with PACS 

221 As previously described in Section 2, the primary objective of the HssO 

222 project with respect to Jupiter observations is to determine the vertical and 

223 horizontal distribution of water in the Jovian stratosphere. We therefore 

224 start with examining the sensitivity of PACS full range scan spectroscopy 

225 observations to the water vapour abundance. 

226 Figures 2-3 show the synthetic full range spectra of Jupiter considering 

227 PACS spectral resolution. For comparison, the synthetic spectrum before 

228 convolution with the instrumental function is also shown there. The con- 

229 tinuum emission comes from the collision induced opacity of the H2 and He 

230 atmosphere, and the broad absorption line features of tropospheric NH 3 . Al- 

231 though a large number of the roto-vibrational transitions of the considered 

232 species are present in the frequency region of interest (see ticks on the middle 

233 panels of Fig. 2-3), most of them are severely broadened due to PACS finite 

234 spectral resolution and become indistinctive from the continuum. However, 
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235 by checking the line-to-continuum ratio, a couple of molecular lines including 

236 H 2 show their emission/absorption amplitude being as large as ~7% of the 

237 continuum. Under the assumed NESR conditions (i.e. SNR of ~100-1200 

238 with respect to the continuum), those lines will certainly be detected from 

239 the set of PACS observations. 

2« While ISO/LWS (Long Wavelength Spectrometer) observations have re- 

241 suited in the detection of the two strongest H 2 emission lines at 66.4 and 

242 99.5 fim in the PACS spectral range, Cassini/CIRS has not succeeded in de- 

243 tecting any H2O line in the Jovian atmosphere due to the limitations in terms 

244 of spectral resolution and sensitivity. In case of the assumed PACS measure- 

245 ments with an SNR of 100 at 200 /zm, our calculations suggest that many 

246 more H 2 lines, up to 22 in the presented case, become detectable at the 5-cr 

247 level for the first time in this far- infrared/sub millimetre domain (indicated 

248 by arrows on the lowermost panels of Fig. 2-3). 

249 Figure 4(a), (b) shows the weighting functions, with respect to the as- 

250 sumed H 2 vertical profile, for the 66.4 /zm H 2 line before and after consid- 

251 ering PACS spectral resolution, respectively. Although the 66.4 /im line when 

252 computed at infinite spectral resolution show sensitivity to a wide altitude 

253 range, all the weighting functions show their peaks at the same pressure level 

254 of 10-20 mbar after smoothing to PACS spectral resolution. This is also the 

255 case for all other H 2 transitions in the PACS spectrum (Fig. 4(c)). This 

256 means that we will be able to measure the H 2 abundance in this single 

257 altitude layer from the PACS multiple line measurements. From the per- 

258 spective of exploring the vertical profile of H 2 in the Jovian stratosphere, 

259 the observations planned with HIFI are required. 
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260 The most interesting Jovian water observation with PACS is the inves- 

261 tigation of a possible variation of its abundance as a function of latitude. 

262 Recent Cassini/CIRS observations have revealed that HCN and CO2, which 
were both injec ted by the SL9 impac t, are distributed over the planet in quite 



264 different ways (ILellouch et all 120061 ) . Thus, it is of interest to investigate the 



265 latitudinal variations in the H2O field a s probably mos t of th e stratospheric 



266 water originates also from this impact ( ILellouch et al. 



2002 



Cavalie et al. 



20081 ). This observation is possible because of the 5x5 pixel coverage of 



268 PACS, and will be the first ever mapping of Jupiter at H2O frequencies. 

269 Detectability of minor species 

270 In addition to H 2 lines, several rotational lines of CH 4 are expected to 

271 be detected by PACS. In Jupiter, CH 4 is distributed almost uniformly in both 

272 the troposphere and stratosphere. Unlike HIFI, PACS is not sensitive to the 

273 narrow emission line of CH 4 coming from the stratosphere but will be able 

274 to observe accurately the absorption caused by tropospheric CH 4 (Fig. 5(a)). 

275 For the currently undetected species, the detection or stringent con- 

276 straints on their abundances are expected with the PACS observations, since 

277 PACS achieves a higher spectral resolution and sensitivity than Cassini / CIRS. 

278 As an example, we present the detectability of HC1 with PACS in this study. 

279 We have calculated the spectra for different mixing ratios; 2.3 ppb (current 

280 upper limit, and the spectra are shown in the Fig. 2-3), 1.15 ppb and 0.23 ppb. 

281 From the lowermost panels of Fig. 2-3, it is expected that the HC1 (4-3) 

282 transition at 119.9 /xm is observed with the highest SNR among other HC1 

283 transitions, and can be used for acquiring the lower upper limit on the HC1 

284 abundance. Even in the case of the lowest assumed abundance, the HC1 (4-3) 
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285 spectral feature is likely observed at the 5-a level (Fig. 5(b)). HC1 and other 

286 hydrogen halides are theoretically expected to condense into solid ammo- 

287 nium halide salts (e.g., NH4CI) around the cold Jovian upper troposphere; 

288 therefore, the hydrogen halide vapours may only be detectable if they are 

289 present at disequilibrium for any reason. PACS observations of the HC1 and 

290 other hydrogen halide abundances will improve the thermochemical modeling 

291 including the NH 3 cloud microphysics of Jupiter. 

292 Fig. 5(c),(d) shows the synthetic spectra of HD rotational transitions R(0) 

293 and R(l) located at 112.1 and 56.2 (2675 and 5 3 31GH z), respectively, 

294 assuming HD/H 2 ratio of 4.8 xlO -5 f jLellouch et all l200ll ). Although the 



295 R(l) transition has a ~2.5 times higher line opacity than R(0), the R(0) 

296 transition might be the best target for PACS to improve the accuracy of the 

297 previously measured HD/H2 ratios in the giant planets from the view point of 

298 the sensitivity of the PACS spectrometer. In fact, the HD R(0) transition lies 

299 at the most sensitive wavelength region of the PACS spectrometer, while the 

300 position of the R(l) line is very close to the end of PACS spectral range where 

301 its sensitivity substantially degrades. Moreover, the HD R(l) line in Jupiter 

302 is located in intense NH 3 manifolds which makes difficult to determine the 

303 continuum level accurately (here continuum is referenced to the H 2 and He 

304 collision induced absorptions and to the NH 3 opacity). Under the assumed 

305 NESR conditions, the 10-cx detection of the HD R(0) line is expected even 

306 though absorption depth is estimated as small as 1 % of the continuum. 

307 4-3- Sensitivity to tropospheric PH 3 and NH 3 

308 PACS will be sensitive to the PH 3 abundance in the upper troposphere, 

309 from ~600mbar to 80mbar (Fig. 6(a)). PH 3 , particularly in the upper tro- 
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posphere, is considered to be an important probe for investigating the ver- 
tical and meridional atmospheric transport in the giant planets. PH3 is 
enriched in the upper troposphere with respect to predictions by thermo- 
dynamic equilibrium models. This has been interpreted as an evidence for 
rapid upward transportat i on of air from the deep interior as explained below 



315 (e.g. 



Barshay and Lewi, 



19781 ). PH3 is convectively transported from the 



deep hot atmosphere into the upper troposphere where it is in disequilib- 
rium with the cold ambient temperatures. Because the equilibrium reaction 
(4PH3+6H2O — > P4O6+I2H2) is very slow compared to the diffusion time 
scale, PH3 actually remains in disequilibrium leading to the observed en- 
hanced abundances. 

Re cent studies with Cassini/CIRS and grou nd-based telescopes observa- 



322 tions (Urwin et al. 



2004 



Fletcher et al. 



2009a 



bl) have revealed an enhance- 



ment of the PH3 abundance at the equator compared to the neighbouring 
equatorial belts and mid-latitudes. Unfortunately, PACS spatial resolution 
is too low compared to the resolution of these previous observations so that 
PACS may not be able to observe such a fine latitudinal inhomogeneity; 
but still, PACS observations will be important in that they will extend the 
current results with a new observing wavelength region (currently, PH 3 is in- 
vestigated using the CIRS spectra at mid-infrared 1200 cm -1 region). This 
will confirm previous findings and/or lead to new insights. 

Tropospheric NH 3 will also be measured and, by analysing its very broad 
absorption lines, the bulk abundance of NH3 at the level from ~800 mbar to 
lOOmbar will be determined (Fig. 6(b)). This will improve our knowledge 
of the enrichment of nitrogen in Jupiter with respect to the solar value (Jo- 
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335 
336 
337 



yian nitrogen is en riched by a factor of ~3 with respect to the solar value, 
(jWong et all [200J)) along with carbon and s ulphur, which have been first 
confirmed by the Galileo probe measurements (lOwen et all Il999l ). 



338 5. Summary 

339 The Herschel Space Observatory will bring new insights into the origin of 

340 stratospheric water as well as other controversial issues in the Jovian atmo- 

341 sphere, in the frame of the guaranteed time key programme entitled "Water 

342 and related chemistry in the Solar system". 

343 To optimise the observational plan and to prepare for the data analysis, 

344 we have simulated the expected Jupiter spectra as observed with PACS in the 

345 full range scan mode by developing a forward model that takes into account 

346 the radiative transfer in the Jovian atmosphere and PACS instrumental char- 

347 acteristics. Several H2O emission lines will be detected for the first time in the 

348 wide far-infrared/submillimetre domains, and some absorption lines due to 

349 the tropospheric CH 4 , PH 3 and NH 3 . As PACS is capable of spatially resolv- 

350 ing Jupiter, we will be able to newly constrain the origin of water in Jupiter 

351 by determining its horizontal distribution. Furthermore, the constraints on 

352 the abundances of hydrogen halides such as HC1 will be also improved with 

353 respect to the current upper limit derived from the Cassini/CIRS measure- 

354 ments. For the observation of HD with PACS, our simulations suggest its 

355 rotational transition R(0) as the possible target to observe by making effec- 

356 tive use of the most sensitive wavelength of the PACS spectrometer. 
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Temperature [K] log (Mixing Ratio) 



Figure 1: (a) Temperature and (b) molecular mixing ratio profiles used in this study. 
The dotted temp erature profile represents the result obtained by the Galileo entry probe 



(Sciff et al 



1998). The mole fracti ons of H2 and He are se t to 0.863 and 0.134, respectively. 



as measured by the Galileo probe ([Niemann et al 



1998) and not shown in the plot. 
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Figure 2: Synthesised full range spectrum of PACS Jupiter observation for the blue chan- 
nel. Left and right columns correspond to 3 rd and 2 nd order of the grating, respectively, 
(a): The synthetic spectrum considering PACS spectral resolution. The amplitude is 
shown in terms of flux density for one spatial pixel. The dotted curves represent the level 
of flux emitted by a black body of a constant temperature (100, 120 and 140 K). (b): In- 
finite spectral resolution spectrum before convolution with PACS instrumental function. 
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Small ticks show the line positions for molecules of interest, (c): The line-to-continuum 
ratio spectrum where the continuum emission is referenced to the H2 and He collision 
induced absorptions and to the NH3 opacity. The dotted curves represent the 5-cr level 
calculated from the assumed NESR. 
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Figure 3: Same with Fig. 2, but for the red channel (I s * order of the grating). 
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Figure 4: Weighting functions with respect to the H2O abundance, for the 66.4 /jm line 
((a) & (b)) and for different H2O transitions indicated by the arrows at the lowermost 
panels of Fig. 2-3. The panel (a) refers to the case without convolution with the PACS 
instrumental function, whereas the panels (b) & (c) correspond to the case with this 
convolution taken into account. In the panels (a) & (b), each curve represents the weighting 
function at different wavelength offset from the line centre. In the panel (c), each weighting 
function is plotted with a certain offset value, and the curves for the three highest SNR 
lines at A = 66.4, 99.5 and 179.5 ^im are highlighted with bold, dashed and dotted lines, 
respectively, for clarity. 
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Figure 5: Simulated PACS line-to-continuum ratio spectra for the minor species. The 
gray bar at the left end of each spectrum indicates the 5-cr levels of the assumed NESR. 
Corresponding PACS spectral resolutions are indicated inside each panel, (a): Close-up on 
the 136.6/im CH4 line, (b): Close-up on the HCl(4-3) transition. The bold solid, dotted, 
dashed lines represent the cases of HC1 abundance of 0.23, 1.15, and 2.3 ppb, respectively, 
(c) & (d): Close-up on the HD rotational transitions. 
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Figure 6: Weighting functions with respect to (a) PH3 and (b) NH3 after considering 
the PACS spectral resolution. For PH3, 4 lines which are indicated by the arrows at the 
lowermost panel of Fig. 3 are considered. For NH3, the weighting functions along the 
PACS spectral range are plotted. 
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